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tors salivary flow rates and buffering capacity modify the 
erosive process. The development of dental erosion de-
pends on the duration and intensity of acid exposure of 
the specific surfaces, which explains why the distribution 
of erosion varies within the dentition. Therefore, analysis 
of the pH on the various tooth surfaces is important. Re-
sults from various studies are not easily compared due to 
differences in measuring methods and examined sam-
ples. Bashir et al. [1995a] determined acid clearance after 
citric acid rinses by longitudinally measuring acid con-
centrations in saliva. They found an individual clearance 
profile in healthy volunteers. The same research group 
examined the retention of citric acid on selected tooth 
surfaces. The citric acid levels after oral exposure were 
higher on the labial surfaces of the upper incisors than on 
the lower incisors [Bashir et al., 1995b]. 
 We hypothesized that patients with erosion have infe-
rior acid clearance on tooth surfaces after a standardized 
acid attack compared to healthy individuals. Therefore, 
the aim of the present study was to investigate acid clear-
ance on two selected tooth surfaces by comparing pH val-
ues of patients with erosive lesions with those of a control 
group. Moreover, saliva analyses were made to determine 
any differences between healthy individuals and patients 
with dental erosion.
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 Abstract
 The aim of this study was to compare tooth surface pH after 
drinking orange juice or water in 39 patients with dental ero-
sion and in 17 controls. The following investigations were 
carried out: measurement of pH values on selected tooth 
surfaces after ingestion of orange juice followed by inges-
tion of water (acid clearance), measurement of salivary flow 
rate and buffering capacity. Compared with the controls, pa-
tients with erosion showed significantly greater decreases in 
pH after drinking orange juice, and the pH stayed lower for 
a longer period of time (p  ! 0.05). Saliva parameters showed 
no significant differences between the two patient groups 
except for a lower buffering capacity at pH 5.5 in the erosion 
group.  Copyright © 2012 S. Karger AG, Basel
 
 
 Dental erosion is a multifactorial condition. In the ma-
jority of cases, one factor may be predominant, though 
other (co)factors also contribute to the condition. Both 
nutritional and patient-related factors lead to dissolution 
of tooth substance [Lussi et al., 2011]. Among other fac-
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 Subjects and Methods
 Selection of Patients with Erosion and the Control Group
 A total of 56 patients were invited to participate in this study. 
The test group (22 females, 17 males; 32  8 6.4 years) was recruit-
ed from outpatients of the University of Bern referred by dentists 
or doctors for prevention and/or therapy. The study was com-
menced before any prevention/therapy was initiated. The control 
group (10 females and 7 males; 30  8 10.0 years) consisted of em-
ployees of the University of Bern who showed no dental erosion. 
All participants were informed about the study design and pro-
vided consent. Ethical approval was obtained from the Ethics 
Committee of Bern University, Switzerland (No. 012/07).
 Study Design
 All patient measurements were performed at the same time of 
the day. The clinical assessment of the severity of the dental ero-
sive lesions was made with a scoring scheme introduced by Lussi 
et al. [1991]. All examinations were performed by the same dentist 
calibrated for the assessment for erosion by the first author.
 Patients were advised to abstain from eating, drinking, smok-
ing and tooth cleaning for the last 2 h before each examination. 
For the surface pH measurements, two test points on the facial 
surfaces of tooth 21 (often attacked by erosion) and tooth 45 (close 
to the sublingual caruncle and measurable with the device) were 
selected ( fig. 1 ), marked and measured immediately one after an-
other. After the initial pH measurement, the subjects were asked 
to drink 100 ml of tap water within 1 min; the surface pH values 
were recorded 1, 3, 5, 7, 10, 15 and 20 min thereafter. Then, the 
same procedure was repeated after drinking 100 ml of orange 
juice (Pura, pH 3.6, Denner, Switzerland) in the same supervised 
manner [Shellis et al., 2011]. At the end of the experiment, 100 ml 
of tap water was ingested and the surface pH was measured at 1, 
3 and 5 min. The mode of drinking (sipping, no swishing) was 
first demonstrated and then supervised by M.S. Care was taken 
to have both groups ingest in the same manner. Two hours later, 
saliva samples were collected. 
 Prior to clinical examinations, all patients were asked to re-
cord their dietary intake for 4 consecutive days and additional 
specific questions were asked [Lussi and Jaeggi, 2011]. 
 Measurement of Tooth Surface pH
 Surface pH changes on the two selected plaque-free tooth sur-
faces of each test subject were measured by the same dentist using 
a Beetrode  micro-pH electrode (NMPH3, World Precision In-
struments Inc., Sarasota, Fla., USA). The tip of the electrode was 
0.1 mm in diameter. The electrode was calibrated with standard 
pH buffers before the reading and checked after the last reading 
[Küseler et al., 1993]. 
 Determination of the Secretion Rate and Titration of Saliva 
(Buffering Capacity)
 The salivary flow of resting and paraffin-stimulated saliva was 
determined with the CRT kit (Ivoclar Vivadent, Schaan, Liech-
tenstein). The collected saliva samples were immediately frozen 
at –20   °   C. Later they were thawed and titrated with 0.1  N HCl from 
initial pH to pH 7.0, 5.5, 4.0 and 3.0 using 4 g of saliva for each 
analysis [Bouchoucha et al., 1997] (Microlab  , Bonaduz, Switzer-
land). Buffering capacity (  ) was calculated as   =    C/  pH  , 
where   C is the amount of the acid used and   pH is the change 
in pH caused by the addition of the titrator.
 Statistics
 The area under the tooth surface pH curve (AUC) was calcu-
lated to quantify the pH changes on the tooth surfaces. This area 
was divided into three parts with A H 2 O  = AUC during the 20 min 
following initial ingestion of tap water, A OJ  = AUC during the
20 min following ingestion of orange juice and A C  = AUC during 
the 5 min following final ingestion of drinking tap water. The 
three areas were compared using the ratios Q 1  = A OJ /A H 2 O  (rate of 
acid exposure), Q 2  = A C /A H 2 O/4  (rate of reaching the initial condi-
tion), and Q 3  = A C /A OJ/4  (rate of pH recovery after drinking tap 
water). Descriptive analyses showed a normal distribution of the 
data. Comparison of test and control groups was performed using 
the t test and Bonferroni correction. The significance level was set 
at 0.05 for all statistical tests.
 Results
 All patients in the erosion group showed dental ero-
sion with 32 (82.1%) showing involvement of dentin on at 
least one facial surface. The median erosion grade on 
tooth 21 was 1 and on tooth 45 was 2 when using the in-
dex described elsewhere [Lussi et al., 1991]. No erosion 
was found in the control group.
 The mean ( 8 SD) baseline surface pH on tooth 21 
was 6.16  8 0.57 for the erosion and 6.42  8 0.46 for the 
control group (p  1 0.05), and on tooth 45, 6.24  8 0.54 
for the erosion and 6.38  8 0.47 for the control group
(p  1 0.05). Immediately after drinking orange juice, the 
pH values on tooth 21 dropped to 5.28  8 0.52 for the 
erosion and 5.78  8 0.63 for the control group and on 
tooth 45 to 5.24  8 0.65 for the erosion and 5.83  8 1.12 
for the control group. The pH values of the erosion 
group showed significantly lower values than those of 
 Fig. 1. Setup of the pH measurements on the plaque-free teeth 21 
and 45, respectively.
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the controls at each measuring point following ingestion 
of orange juice and after clearance with water (p  ! 0.05). 
The pH recovering was significantly lower on tooth 21 
(E 21 ) than on tooth 45 (E 45 ) for up to 15 min following 
orange juice ingestion. For the controls, significantly 
lower values were found 3 and 5 min after orange juice 
ingestion on tooth 21 (C 21 ) compared to tooth 45 (C 45 ). 
Immediately after the second ingestion of tap water as 
well as after 1 and 3 min, the pH values on tooth 21 (E 21 ) 
were significantly lower than those on tooth 45 (E 45 )
(p  ! 0.05;  fig. 2 ).
 The mean acid exposure (Q 1 ) on both tooth surfaces 
was significantly higher (quotient is lower) for the erosion 
group than for the controls. Furthermore, the mean rate 
of reaching the initial condition (Q 2 ) was significantly 
lower for the patients with erosions compared to the con-
trols (p  ! 0.05). The mean rate of pH recovery after the 
final ingestion of tap water (Q 3 ) showed no significant 
differences ( table 1 ). 
 Salivary analyses showed no significant differences in 
flow rates of both resting and stimulated saliva between 
the erosion and control groups. The buffering capacity of 
stimulated saliva (pH 5.5) in the erosion group was sig-
nificantly lower than that in the control group (p = 0.02; 
 table 2 ).
min
Water
pH
0 10 20 0 20 010 5
5
6
7
C21
E21
a Orange juice Water
min
Water
pH
0 10 20 0 20 010 5
5
6
7 C45
E45
b Orange juice Water
 Fig. 2. Mean pH changes (95% confidence 
interval) on tooth surfaces before inges-
tion of tap water, following ingestion of tap
water (20 min), following ingestion of or-
ange juice (subsequent 20 min) and after 
drinking tap water (5 min).  a E 21  = Facial 
surfaces of tooth 21 (patients with ero-
sion); C 21  = facial surfaces of tooth 21 (con-
trols).  b E 45  = Facial surfaces of tooth 45 
(patients with erosion); C 45  = facial sur-
faces of tooth 45 (controls). 
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 Discussion
 The aim of this study was to obtain more insight into 
factors critical to the genesis of dental erosion and to in-
crease the understanding of the parameters contributing 
to differences between healthy individuals and patients 
with dental erosion. Care was taken to follow recently 
published recommendations as to the design of in situ 
erosion models [Wiegand and Attin, 2011; Young and Te-
nuta, 2011]. The drinking mode chosen was consistent 
with everyday habits and did not pose the risk of damag-
ing the volunteer’s teeth.
 To the best of the authors’ knowledge, this is one of the 
first studies of its kind involving not only healthy indi-
viduals but also patients with erosive lesions that all con-
sumed an acidic beverage in a standardized and super-
vised manner, thus excluding possible behavioral factors. 
This is in contrast to other studies in which the individ-
ual method of drinking was not standardized [Moazzez 
et al., 2000; Johansson et al., 2002, 2004].
 The present study clearly shows that the pH drop on 
tooth surfaces was lower in the erosion than in the con-
trol group. After the second water ingestion, the final 
pH was measured for up to 5 min, which proved to be 
enough to reach the initial value. Furthermore, the mea-
sured pH values were different from those obtained af-
ter the first water intake. This might be due to a different 
response of the saliva, which was exposed to various 
stimulants (water/acid) before the second water inges-
tion. Saliva normally requires 1–2 h for recuperating the 
initial pH condition after eating or drinking [Navazech, 
1993]. Millward et al. [1997] monitored the pH changes 
on the palatal surfaces of teeth 16 and 21 in healthy sub-
jects after drinking 100 ml of a 1% citric acid solution. 
Compared to the present findings, their results showed 
a similar pattern for acid clearance when the same 
drinking method (by glass) was used. The more pro-
nounced pH drop may be due to the lower pH of 1% cit-
ric acid (native pH 2.3) compared to the orange juice 
used in the present study (pH 3.6). A further reason may 
be the possibly higher retention rates of acid because of 
their measuring devices (vacuum-formed splints) com-
pared to the freely clearable electrode tips placed on the 
tooth surface as in the present investigation. Further-
more, acid will be readily neutralized in the layer adja-
cent to it [Lussi et al., 2011]. This will then lead to faster 
neutralization in comparison with an artificial surface 
without any buffer capacity like a splint. Another reason 
could be the immediate measuring after acid exposure 
with the splint model compared to the present study 
which used a latency of a few seconds with the present 
device until the electrode tip was positioned on the mea-
suring point.
 Patients with erosions showed significantly faster pH 
recovery after ingestion of orange juice on tooth 45 than 
on tooth 21 ( fig. 2 ). This may be explained by the close 
vicinity of the parotid salivary gland to tooth 45. Inter-
estingly and of clinical importance, this difference was 
 Table 1. Q 1, Q2 and Q3 (mean 8 SD) on facial surfaces of teeth 21 and 45 for both the erosion and control groups, 
and significance levels between these groups
 Erosion group  Control group  p 
 21  45  21  45  21  45 
 Q1  0.9080.07  0.9380.07  0.9880.07  1.0180.08  <0.001  0.001 
 Q2  1.0580.14  1.0880.14  1.1480.05  1.1480.06  <0.001  0.033 
 Q3  1.1780.15  1.1680.14  1.1680.06  1.1380.06  NS  NS 
 
 
 Table 2. S aliva parameters of the erosion and control groups, and 
the significance levels between these groups
 Erosion 
group 
 Control 
group 
 p 
 Flow rate, ml/min 
 Unstimulated  0.980.4  1.380.9  NS 
 Stimulated  2.381.3  2.480.8  NS 
 Buffering capacity, mmol/(l ! pH) 
 pH 7.0, unstimulated  3.581.8  3.381.1  NS 
 pH 7.0, stimulated  3.281.0  3.582.7  NS 
 pH 5.5, unstimulated  3.981.4  4.081.6  NS 
 pH 5.5, stimulated  4.181.3  4.981.2  0.02 
 pH 4.0, unstimulated  4.381.5  4.482.1  NS 
 pH 4.0, stimulated  3.780.85  4.381.1  NS 
 pH 3.0, unstimulated  4.681.6  4.582.2  NS 
 pH 3.0, stimulated  3.780.7  4.181.1  NS 
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only significant for the first 5 min in the control group. 
No differences in pH were found among three measuring 
sites in the upper jaw (11 palatally; 11, 16 buccally) of 18 
individuals without erosion when the same method 
(Beetrode) was used [Johansson et al., 2004]. However, 
the drinking method (e.g., holding, sipping, gulping) 
strongly affected the levels of tooth surface pH [Johans-
son et al., 2004]. Moazzez et al. [2000] compared the pH 
changes on tooth surfaces of 11 patients with erosion (age 
range 10–16 years) with those of 10 controls. They showed 
that the oral pH at four tooth surfaces differed between 
subjects of these two groups after drinking an acidic bev-
erage. The authors concluded that these findings might 
be related to the observed differences in drinking habits. 
In the present study, the way of drinking was standard-
ized and may therefore be an expression of inherent dif-
ferences between the groups.
 In another study, saliva samples were collected before 
a rinse with 2% citric acid and at 1, 2, 5, 10 and 15 min 
after the rinse. Then, their saturation was analyzed with 
respect to hydroxyapatite. On average, the saliva was un-
dersaturated at 1 and 2 min after rinsing but had returned 
to supersaturation levels after 5 min. The individual dif-
ferences were large [Bashir and Lagerlöf, 1996]. In our 
study, the calculation of the degree of saturation as de-
scribed earlier [Lussi et al., 2012] showed undersaturation 
with respect to hydroxyapatite at the first measurement 
after intake of orange juice. These differences could be 
due to weaker acid exposure in this study as the acidity of 
orange juice is less than that of the citric acid used in the 
other study. Furthermore, the present pH measurements 
were carried out in direct contact with the enamel sur-
faces and not in saliva. Obviously, pH recovery on tooth 
surfaces is fast.
 These pH measurements on tooth surfaces indicated 
that, compared to the controls, patients with erosion 
had a significantly greater decrease in pH after acid ex-
posure (Q1), while the ability to reach initial conditions 
without additional measures (Q2) was also significantly 
lower. One can speculate as to the differences between 
the two groups. However, besides the buffering capacity 
to pH 5.5 of stimulated saliva, no significant differences 
in saliva parameters were found, and the secretion rates 
of saliva were similar for both groups. Nevertheless, the 
difference in titratable acidity or buffering capacity 
could play a role in the genesis of dental erosion, as sug-
gested by other investigators [Piangprach et al., 2009]. 
Holbrook et al. [2009] showed the significant impact on 
dental erosion of dietary factors, low salivary buffer 
rates and acid reflux disease. The fact that ratio Q3 
showed no significant differences between the erosion 
and control groups suggests an equal potential for pH 
recovery after drinking water in the two groups. This is 
not surprising as this process is dependent on physical 
and anatomical parameters. 
 The present study indicates that patients with mani-
fest erosive lesions have a greater risk for increased tooth 
substance loss by erosive tooth wear than healthy indi-
viduals because of lower pH levels on tooth surfaces and 
lower clearance capacity. Drinking of water was an effec-
tive measure to increase the tooth surface pH to levels 
close to the initial levels.
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